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ABSTRACT 
5HDOLVWLFJHRPHWULFUHSUHVHQWDWLRQRIIDEULFVLVHVVHQWLDOIRUPRGHOOLQJRIPHFKDQLFDODQG
SK\VLFDO SURSHUWLHV RI WH[WLOHV DQG WH[WLOH FRPSRVLWHV ,W LV DOVR DGYDQWDJHRXV WR EH DEOH WR
JHQHUDWHWKRVHPRGHOVTXLFNO\DQGHDVLO\5HFHQWGHYHORSPHQWVLQ7H[*HQZKLFKDXWRPDWHWKH
FUHDWLRQRIPRGHOVIRU'RUWKRJRQDODQJOHLQWHUORFNDQGOD\HU-WR-OD\HUIDEULFVDQGVKHDUHG
'IDEULFVDUHGHVFULEHG0LFUR-&RPSXWHG7RPRJUDSK\GDWDRI'IDEULFVKDVEHHQXVHGWR
LGHQWLI\ JHRPHWULFDO FKDUDFWHULVWLFV ZKLFK KDYH IRUPHG WKH EDVLV IRU LPSOHPHQWDWLRQ RI
UHILQHPHQWV WR WKH LGHDOLVHG IDEULFV JHQHUDWHG DXWRPDWLFDOO\ LQ 7H[*HQ ,Q ' RUWKRJRQDO
WH[WLOHV ORFDO JHRPHWULFDO YDULDWLRQV SDUWLFXODUO\ LQ \DUQ FURVV-VHFWLRQ VXUIDFH FULPS DQG
ELQGHU \DUQ SDWK DUH DSSDUHQW DW GLIIHUHQW OHYHOV RI FRPSDFWLRQ 7KH ³UHILQH´ RSWLRQ LQ
7H[*HQ¶V'ZL]DUGDXWRPDWLFDOO\DGMXVWVWKHVHIHDWXUHVWRDFKLHYHFRPSDFWLRQWRDVSHFLILHG
WKLFNQHVVXVLQJ\DUQYROXPHIUDFWLRQDVDFRQVWUDLQW)RUVKHDUHGWH[WLOHVDJHQHULF'SODLQ
ZHDYHIDEULFZDVXVHGWRLGHQWLI\NH\JHRPHWULFIHDWXUHV<DUQURWDWLRQKDVEHHQLGHQWLILHGDV
RQHRIWKHVHDQGWKHJHRPHWULFGHVFULSWLRQRIWKHVKHDUHGIDEULFFRQVLGHUV\DUQURWDWLRQV LQ
WHUPVRIWZRHOOLSWLFDOF\OLQGHUVFURVVLQJHDFKRWKHUDWDQREOLTXHDQJOH7KHURWDWLRQDODQJOHLV
GHULYHGPDWKHPDWLFDOO\IURPWKHWDQJHQWLDOFRQWDFWEHWZHHQ\DUQV9DULDWLRQVLQ\DUQKHLJKW
DORQJ WKH OHQJWK RI WKH \DUQ KDYH DOVR EHHQ LGHQWLILHG DQG ERWK RI WKHVH IHDWXUHV DUH
LQFRUSRUDWHG LQWR D UHILQH IXQFWLRQ IRU VKHDUHG WH[WLOHV &RPSDWLEOH YR[HOLVHG PHVK DQG
SHULRGLFERXQGDU\FRQGLWLRQVIRUWKHVKHDUHGGRPDLQKDYHDOVREHHQLPSOHPHQWHG7KHPRGHOV
KDYH EHHQ XVHG WR JHQHUDWH PDQXIDFWXULQJ GDWD SHUPHDELOLW\ GDWD IRU WKH ' IDEULF DQG
FRHIILFLHQWRIWKHUPDOH[SDQVLRQIRUWKHVKHDUHG'IDEULF 
 
.H\ZRUGV'WH[WLOHVKHDUHGIDEULFJHRPHWULFPRGHOOLQJSHUPHDELOLW\WKHUPDOH[SDQVLRQ 
 
1. Introduction 
0RGHOOLQJ WHFKQLTXHV IRU WH[WLOHV KDYH LQ SDUW EHHQ GULYHQ E\ WKH QHHG WR DGGUHVV
PDQXIDFWXULQJSUREOHPVLQWH[WLOHFRPSRVLWHVPDNLQJLWHVVHQWLDOWRSURGXFHUHDOLVWLFPRGHOV
RIWKHWH[WLOHVWUXFWXUHVLQYROYHG,Q'ZRYHQUHLQIRUFHPHQWVWKHPLFURVWUXFWXUHGHWHUPLQHV
WKH IORZRI WKHSHQHWUDWLQJPDWUL[ UHVLQGXULQJFRPSRVLWHPDQXIDFWXUH ZKLFKKDV D VWURQJ
LQIOXHQFH RQ WKH TXDOLW\ RI WKH ILQLVKHG FRPSRQHQW SDUWLFXODUO\ ZLWK UHJDUG WR GHIHFW
IRUPDWLRQ ,QFOXVLRQ RI ORFDO YDULDWLRQV REVHUYHG LQ PLFUR-&RPSXWHG 7RPRJUDSK\ -&7
LPDJHVRIWH[WLOHVVLJQLILFDQWO\LPSURYHSUHGLFWLRQVRISHUPHDELOLW\>@ 
$QLVRWURSLFWKHUPDOH[SDQVLRQLVDPDMRUVRXUFHRIVKDSHGLVWRUWLRQLQWKHPDQXIDFWXULQJRI
WH[WLOH FRPSRVLWHV PDNLQJ LW LPSRUWDQW WR EH DEOH WR DFFXUDWHO\ SUHGLFW WKH FRHIILFLHQW RI
WKHUPDOH[SDQVLRQ &7(SDUWLFXODUO\ IRU VKHDUHG WH[WLOHV UHSUHVHQWLQJGHIRUPDWLRQGXULQJ
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   
FRPSRVLWHIRUPLQJ.KRXQHWDOGHYHORSHGDILQLWHHOHPHQWXQLWFHOOPRGHOOLQJPHWKRGIRU
SUHGLFWLQJ &7(V RI -SO\ WZLOO IDEULF ODPLQDWH FRPSRVLWHV>@ 7KLV JDYH D ODUJH GLIIHUHQFH
 HUURU EHWZHHQ WKH SUHGLFWLRQ DQG WKH H[SHULPHQWDO GDWD SRVVLEO\ DULVLQJ IURP WKH
DFFXUDF\RI WKHJHRPHWULFPRGHO7KLVSDSHUGHVFULEHVKRZNH\ IHDWXUHVRIVKHDUHG IDEULFV
KDYHEHHQLGHQWLILHGDQGXVHGWRJHQHUDWHPRUHUHDOLVWLFPRGHOV)RUERWK'WH[WLOHVDQG'
VKHDUHGWH[WLOHVWKHVHFKDUDFWHULVWLFVKDYHEHHQLQFRUSRUDWHGLQWR7H[*HQ>@WKHRSHQVRXUFH
WH[WLOH JHRPHWU\ PRGHOOLQJ VRIWZDUH GHYHORSHG DW WKH 8QLYHUVLW\ RI 1RWWLQJKDP HQDEOLQJ
UHDOLVWLFPRGHOVWREHJHQHUDWHGTXLFNO\DQGHDVLO\ 
 
2. 3D textile modelling 
The work on modelling of 3D textiles within TexGen was undertaken in two stages. First a 
µ':L]DUG¶ZDVFUHDWHGLQWKHXVHULQWHUIDFHZKLFh uses the underlying TexGen functionality 
to create generalised orthogonal, angle-interlock and layer-to-OD\HUWH[WLOHVDQGWKHQDµUHILQH¶
option was added to the orthogonal weave based on geometric characteristics extracted from 
µ-CT data of a fabric supplied by 3TEX, Inc. 
 
2.1 Weave pattern generation using the TexGen 3D wizard 
A series of dialog boxes allows the number of warp and weft yarns to be input, as well as the 
number of layers of each and the ratio of binder to warp yarns. The width, height, spacing and 
cross-sectional shape can be specified for each set of yarns. The yarn cross-sections are 
approximated by power ellipses (Eqs. 1 and 2), which are generalized ellipses where the y 
coordinate is assigned a power n to make the section resemble a rectangle with rounded edges 
when n < 1 or a shape similar to a lenticular cross-section when n > 1. They are special cases of 
the superellipse described by Gabriel Lamé [4].  
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where w is yarn width and h is yarn height.  
The subsequent weave pattern dialog allows for simple specification of the required weave 
pattern. In the case of the orthogonal weave, clicking on the binder/weft intersections toggles 
the binder between the top and bottom position on the textile as shown in Figure 1. The weave 
wizard then automatically generates the weave pattern, adding nodes on the yarn paths at each 
crossover point between warp/binder and weft yarns. Extra nodes are then positioned along the 
binder yarns to follow the contour of the outer weft yarns. 
Examples of each of the types of weave generated are shown in Figure 2. As can be seen, the 
geometries created are idealised with all yarns having constant cross-sections. 
   
 
Figure 1. TexGen 3D Wizard: Orthogonal weave pattern dialog 
 
 
  (a)                                        (b)                                                  (c) 
D2UWKRJRQDOE$QJOHLQWHUORFNF/D\HU-WR-OD\HU 
Figure 2. Textiles generated by the 3D weave wizard 
 
2.2 Orthogonal weave refinement 
:LWKRXW IXUWKHUPRGLILFDWLRQ WKH LGHDOLVHG \DUQSDWKV DQGFURVV-VHFWLRQVPD\ UHVXOW LQ
LQWHUVHFWLRQV EHWZHHQ WKH ZDUS DQG ZHIW \DUQV DQG WKH WKURXJK WKLFNQHVV ELQGHU \DUQV
SDUWLFXODUO\ IRU WLJKW RUWKRJRQDO ZHDYHV 7KHVH LQWHUVHFWLRQV PD\ FDXVH SUREOHPV GXULQJ
VLPXODWLRQ PRUH UHDOLVWLF PRGHOOLQJ RI WKH WH[WLOH ZLOO ERWK UHGXFH WKH LQWHUVHFWLRQV DQG
LPSURYHVLPXODWLRQUHVXOWV$FDUERQILEUHRUWKRJRQDOZHDYHZLWKWKHVSHFLILFDWLRQVOLVWHGLQ
7DEOHZDVXVHGDVDQH[DPSOH7KHLQWHUQDOJHRPHWU\RIFRPSRVLWHVZLWKWKLVRUWKRJRQDO
ZHDYHDVUHLQIRUFHPHQWZDVFKDUDFWHULVHGWKRURXJKO\DWGLIIHUHQWFRPSDFWLRQOHYHOVE\P-&7
DQDO\VLV7KHJHRPHWULFDOSDUDPHWHUVH[WUDFWHGIURPWKHDQDO\VLVDUHDVVXPHGWREHDSSOLFDEOH
IRU JHQHUDWLQJ SUHGLFWLYH JHRPHWULFDO PRGHOV RI VLPLODU FRPSRVLWHV ZLWKRXW WKH QHHG IRU
GHWDLOHGPHDVXUHPHQW 
2Q H[DPLQDWLRQ RI WKH -&7 LPDJHV LW LV DSSDUHQW WKDW HYHQ LQ WKH XQFRPSDFWHG IDEULF
VKRZQLQ)LJXUHWKHFURVV-VHFWLRQVRIWKHRXWHUZHIW\DUQVGLIIHUIURPWKRVHLQWKHPLGGOHRI
WKH IDEULF $ ³UHILQH´ RSWLRQ KDV WKHUHIRUH EHHQ LPSOHPHQWHG IRU WKH FDVH RI RUWKRJRQDO
ZHDYHV LQ RUGHU WR PRGHO WKH JHRPHWU\ PRUH UHDOLVWLFDOO\ ERWK LQ WKHLU XQFRPSDFWHG DQG
FRPSDFWHGVWDWHV7KURXJKRXWWKHSURFHVVWKHLQWUD\DUQYROXPHIUDFWLRQVDUHPRQLWRUHGVRWKDW
WKH\DUHPDLQWDLQHGZLWKLQUHDOLVWLF OLPLWV7RIDFLOLWDWH WKLV\DUQSURSHUWLHVDUH UHTXLUHGDV
LQSXWIRUWKHZDUSZHIWDQGELQGHU\DUQV 
 
 
   
Table 1. Specifications of 3D reinforcement supplied by 3TEX, Inc 
)DEULFVW\OH 2UWKRJRQDOZHDYH 
$UHDOGHQVLW\NJP  
1XPEHURIZDUSOD\HUV  
:DUS\DUQ . 
:DUS\DUQOLQHDUGHQVLW\JNP  
1XPEHURIZHIWOD\HUV  
:HIW\DUQ .î 
:HIW\DUQOLQHDUGHQVLW\JNP  
%LQGHU\DUQ . 
%LQGHU\DUQOLQHDUGHQVLW\JNP  
 
 
 
)LJXUH-&7LPDJHRIXQFRPSDFWHG7(;,QFIDEULF 
 
 
 
a) Binder cross-sections (b) surface yarn crimp (c)Upper:- warp cross-sections of 
rectangular shape, Lower: power elliptical weft cross-sections . 
)LJXUH/RFDOJHRPHWU\YDULDWLRQVREVHUYHGLQ'-&7LPDJHV 
 
   
7KHUHILQHPHQWLVFDUULHGRXWLQDVHULHVRIVWHSVDVIROORZV 
1. &KDQJHWKHFURVV-VHFWLRQVRIWKHWKURXJK-WKLFNQHVVELQGHU\DUQVLIQHFHVVDU\WRILWLQWR
WKHDYDLODEOHWKURXJK-WKLFNQHVVVSDFHVEHWZHHQZDUSDQGZHIW\DUQVFRUUHVSRQGLQJWR
WKHFKDQJHVREVHUYHGLQWKHFHQWUDO\DUQVLQ)LJXUHD 
2. $GDSW KHLJKWV RI WKH ZDUS DQG ZHIW PLGGOH OD\HUV WR PRGHO FRPSDFWLRQ RQ PRXOG
FORVXUH $Q LQLWLDO FKHFN RI WKH VSDFH DYDLODEOH ZLOO VKRZ ZKHWKHU LW LV SRVVLEOH WR
DFKLHYHDYROXPHIUDFWLRQIRUWKH\DUQEHORZWKHPD[LPXPVSHFLILHG,IQRWWKHQ7H[*HQ
ZLOO IODJ DQ HUURU VWDWLQJ WKDW WKH WKLFNQHVV UHTXHVWHG FDQQRW EH DFKLHYHG ZLWKRXW
H[FHHGLQJWKDWPD[LPXP,WKDVEHHQREVHUYHGWKDWWKHKHLJKWRIWKHVH\DUQVUHGXFHVLQ
SURSRUWLRQWRWKHWRWDOLQLWLDOWKLFNQHVVRIZDUSDQGZHIWOD\HUV7KHKHLJKWRIWKH\DUQVLV
UHGXFHGDFFRUGLQJO\DQGWKHQWKHZLGWKLQFUHDVHGVRDVWRPDLQWDLQWKHRULJLQDOYROXPH
IUDFWLRQ,IWKLVFDQQRWEHDFKLHYHGWKHQWKHSRZHURIWKHSRZHUHOOLSVHVHFWLRQXVHGLV
LQFUHDVHGWKXVLQFUHDVLQJWKHDUHDSRWHQWLDOO\WRDUHFWDQJXODUVHFWLRQILOOLQJWKHVSDFH
DYDLODEOHDVVHHQLQ)LJXUHF 
3. &KDQJHFURVV-VHFWLRQVRIWKHRXWHUZHIW\DUQVWRJLYHDVHFWLRQZKLFKPRUHDFFXUDWHO\
UHSUHVHQWVWKHUHDOWH[WLOHDWWKHVDPHWLPHUHGXFLQJWKHKHLJKWWRUHIOHFWWKHUHTXHVWHG
FRPSDFWLRQ:KHUHQHFHVVDU\WKHKHLJKWLVUHGXFHGIXUWKHUWRDOORZIRUWKHWKLFNQHVVRI
WKHELQGHU\DUQZKLFKLVVLPLODUO\UHGXFHGDQGLQFRUSRUDWHGLQWRWKHKHLJKWDYDLODEOHIRU
WKHZHIW\DUQ 
4. &KDQJHWKHRXWHUELQGHU\DUQFURVV-VHFWLRQVWRJLYHDVHFWLRQZKLFKLVIODWRQWKHRXWHU
VXUIDFH 7KH ZLGWKV RI WKH ELQGHU \DUQV DUH LQFUHDVHG DV QHFHVVDU\ WR PDLQWDLQ WKH
YROXPHIUDFWLRQ,IWKHUHTXLUHGKHLJKWFDQQRWEHDFKLHYHGWKHQLISRVVLEOHWKHKHLJKWRI
WKHZHIW\DUQLVUHGXFHGIXUWKHU)DLOLQJWKLVFULPSLVLQWURGXFHGLQWRWKHZHIW\DUQWR
DFKLHYH WKH RYHUDOO WH[WLOH WKLFNQHVV DQG WKH FURVV-VHFWLRQ RI WKH ZDUS \DUQ EHORZ LV
DGMXVWHGWRUHPRYHUHVXOWDQWLQWHUVHFWLRQVLQWKH\DUQVWKXVLPSOHPHQWLQJWKHIHDWXUHV
REVHUYHGLQ)LJXUHE 
 
(a)                                                         (b)                                                 (c) 
(a)original fabric thickness, 6.315mm (b)thickness 5.03mm (c)thickness 4.432mm. 
Figure 5. Orthogonal weave generated using 3DWizard refine option 
 
)LJXUHDVKRZVWKHRUWKRJRQDOZHDYHZLWKWKH³UHILQH´RSWLRQVHOHFWHGEXWQRFKDQJHWR
WKHLQLWLDOIDEULFWKLFNQHVVRIPP7KHUHILQHPHQWKHUHLV OLPLWHGWRWKHELQGHU\DUQV
ZKLFKDUHDGMXVWHGLQWKHWKURXJK±WKLFNQHVVYHUWLFDOVHFWLRQDQGWKHRXWHUZHIW\DUQV)LJXUHV
EDQGFVKRZWKHIDEULFFRPSDFWHGWRWKLFNQHVVHVRIPPDQGPP)LJXUHF
VKRZVWKHDGGLWLRQRIDVPDOODPRXQWRIFULPSLQWKHRXWHUZHIW\DUQQHFHVVDU\WRDFKLHYHWKLV
   
GHJUHHRIFRPSDFWLRQ&RPSDULVRQZLWKWKH-&7LPDJHVVKRZVWKDWEDVHGRQWKHDVVXPSWLRQV
PHQWLRQHGDERYH7H[*HQLVFDSDEOHRIPRGHOOLQJWKHJHRPHWU\UHDOLVWLFDOO\GRZQWRDIDEULF
WKLFNQHVV RI  PP 9I     $W D KLJKHU FRPSDFWLRQ OHYHO WKLFNQHVV  PP
GHYLDWLRQVEHWZHHQWKH7H[*HQPRGHODQGWKHUHDOJHRPHWU\RFFXUQRWLFHDEO\LQVXUIDFH\DUQ
FURVV-VHFWLRQV0DQXDOPRGLILFDWLRQLVUHTXLUHGLQWKLVFDVH 
 
3. Sheared textile modelling 
3.1 Geometric description of fabric shear 
When fabric undergoes in-plane shear beyond the locking angle, where lateral contact 
between the yarns begins to occur, the non-linearity of deformation arises from axial tension 
and transverse compaction, which are governed by elastic properties and contacts of yarns. In 
this case a mechanical model is appropriate to determine the deformed geometry. Meanwhile, 
for shear well below the locking angle, the changes in a fabric are predominantly due to 
geometric constraints, causing (1) re-orientation of tow path; (2) rotation of tow cross-section; 
(3) slight change of cross-section shape. These changes can be approximated by a geometric 
approach, without resorting to an expensive finite element model. A simplistic approach is 
described here to represent fabric shear based on the following principles and assumptions 
(P&A): 
(i) Total volume of yarns, as well as overall fibre volume fraction, is constant for fabric 
subjected to shear smaller than the locking angle; 
(ii) Either warp or weft yarn path is re-oriented by a VKHDUDQJOHȕ 
(iii) Rotation of yarn cross-section is due to tangential contact of two yarns; 
(iv) Change of yarn cross-section shape is to avoid yarn intersection and to conserve 
total volume. 
 
(a) E 
Figure 6. (a) Two identical elliptical cylinders I & II crossing over each other; (b) 
Surface tangent between two ellipses at Sectional view A-A of (a) 
. 
)LJXUHDLGHDOLVHVWZRLQLWLDOO\SHUSHQGLFXODU\DUQVVXEMHFWHGWRDVKHDUDQJOHȕ
$FFRUGLQJWR3	$LL<DUQ,,LVUH-RULHQWDWHGDWDQDQJOH-ȕWR<DUQ, 
%DVHGRQ3	$LLLIRUURWDWLRQDODQJOHRIWKH\DUQFURVV-VHFWLRQDPDWKHPDWLFDOH[SUHVVLRQ
LVREWDLQHGWRUHODWH\DUQFURVV-VHFWLRQDOZLGWKZ\DUQFURVV-VHFWLRQDOKHLJKWKVKHDUDQJOH
ȕDQGFRQWDFWSRLQWDWQRUPDOLVHGOHQJWK5)RUDQ\FRQWDFWSRLQWDWGLVWDQFH5EHWZHHQ
   
<DUQ,DQG,,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3.2 Automation of shear textile modelling in TexGen 
In order to simplify and automate geometric modelling of sheared textiles, an extension to 
the DXWRPDWHG³2D wizard´ KDVEHHQLPSOHPHQWHGLQ7H[*HQ6HOHFWLRQRIWKHµ6KHDU7H[WLOH¶
option allows a shear angle to be entered and also enables the option to create a sheared 
domain. The weave pattern is specified in a second wizard dialog, after which the textile is 
automatically generated. Nodes are generated on the yarn paths at each crossover point 
between warp and weft yarns; spacings are adjusted according to the shear angle. At this stage 
the geometry is idealised with all yarns having constant, elliptical cross-sections. 
Specification of a sheared textile without further modification results in a large number of 
intersections. A ³refine´ option has been implemented in order to remove intersections and to 
create a more realistic textile model. The first step in the refinement process is to set the section 
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interpolation to allow multiple cross-sections along the yarn length, thereby allowing changes 
in cross-section along the yarn. The cross-section at each node along the yarn is initially set to 
the original elliptical cross-section. 
Four extra cross-sections are inserted, giving five equispaced sections with values of R, as 
specified in section 3.1, from 0.005 to 0.495 (including the section at the node where R=0.25). 
The rotation at each of these sections is shown in Figure 7(a) and can be seen in Figure 7(b) 
where two of the yarns have been removed for clarity. 
 
Figure 7. (a) Yarn rotations for different values of R; (b) Rotated yarns in plain weave textile 
Based on P&A (iv) stated in section 3.1, changes are made to the yarn cross-section shape to 
minimise any remaining interference between yarns. This is realised using the 
CorrectInterference function within the 2D wizard. This function finds intersections between 
lines joining the centre and points around the edge of a section and surface meshes of adjacent 
yarns. The function returns a modifier which corresponds to the depth of the intersection. The 
correction is applied at each of the cross-sections along the yarn by adjusting each point around 
the circumference individually by its modifier. The new set of points is then used to form a 
polygonal section which replaces the original elliptical one. 
It has been observed that in real textiles the surface yarns tend to flatten and that there is an 
offset between the centre of one yarn and the point at which the surface yarn passing over it 
drops away, shown in Figure 8(a). In the automatically generated, unrefined, TexGen model 
the surface tow would drop away immediately from the node over the centre of the yarn, 
following the contour of the yarn it crosses. Also, where interference has been corrected there 
will have been loss of volume in the yarns which would result in decreased volume fraction of 
the textile.   
 
(a)                                                                       (b) 
Figure 8. (a) Tow drop offset; (b) Intersection of section points with bottom domain plane 
 
In order to address both of these issues an algorithm has been developed which allows the 
yarn to be expanded at each cross-section. It is assumed that each yarn is constrained to lie 
within the fabric thickness specified in the wizard. For each section a set of modifiers are 
calculated based on the intersection between a line perpendicular to the centreline of the 
polygon, passing through one of the points on the perimeter, and either the upper or lower plane 
parallel to the z axis and specified by the thickness. This is shown in Figure 8(b). A modifier of 
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E 
   
less than unity indicates that the yarn exceeds the fabric thickness at this point.  In this case the 
modifiers are applied at these points immediately, thus constraining the yarn to the specified 
fabric thickness. An iterative method is then used to expand the points on the polygon along the 
line of each modifier using the original area of the yarn as a constraint. The maximum 
extension for each line is given by its intersection with the horizontal plane and this is used as a 
second constraint. If the shape is extended to the maximum for all points and the area is less 
than the original area an error message is issued. An extension to this would be to use yarn 
parameters to check the volume fraction given by the smaller shape to see if this is within 
acceptable bounds. 
 
(a) Unrefined (b) Rotation only (c) Rotation and intersection correction (d) Rotation, 
intersection correction and adjusted section height 
Figure 9. Refinement stages 
Figure 9 shows a pair of crossing yarns at different stages of the build textile process. Figure 
9(a) shows the yarns before refinement with a greater intersection depth towards the left of the 
upper yarn. After rotation, Figure 9(b), the size of the maximum intersection is reduced and the 
intersections are more evenly distributed. In this example the combined heights of the yarns are 
less than the fabric thickness resulting in the remaining intersections. Where this is not the case 
the remaining intersections will be significantly reduced at this stage.  Intersection correction 
removes these intersections, Figure 9(c), but results in loss of volume from the yarn.  The final 
stage of the refinement, Figure 9(d) increases the height of the upper yarn, in this case to the 
limit specified by the overall fabric thickness. The side view of the lower yarn shows the tow 
drop offset produced by the height adjustment at different sections along the yarn. 
 
4. Case studies 
4.1 Permeability prediction for 3D woven fabric 
3D woven fabric as dry fibre reinforcement is infused with resin and cured into composites 
parts by liquid moulding processes. In order to design and optimise resin flow within complex 
parts, this manufacturing route requires permeability of fibre reinforcement as an essential 
material property. Numerical prediction of permeability has the advantage of being cost 
effective and reliable for composites processing design.  
As described in the previous section, the TexGen 3D Wizard creates realistic geometric 
models of 3D woven fabric by taking into account compaction during the liquid moulding 
process. Two fabric models with thickness 5.03mm (Fibre volume fraction Vf=0.55) and 
4.43mm (Vf = 0.67) are presented here to simulate different levels of compression. The models 
were uniformly discretised into brick-like hexahedral elements and exported for CFD analysis. 
To represent the liquid moulding conditions, Navier-Stoke laminar flow was simulated with 
small Reynolds number. Translational periodic boundary conditions were applied for 
cross-section planes in warp and weft directions; non-slip walls were applied on yarn interface 
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and through-thickness surfaces. Simplification was also made to neglect flow into porous 
yarns. The simplifications were justified, by extensive numerical simulations to compare 
seemingly more realistic yet computationally intensive set-ups where yarns were modelled as a 
porous medium with a partial slip interface at the yarn surface. Mesh sensitivity was 
investigated by meshing the unit cell up to 27 million elements (300x300x300). A converged 
solution was found at around 8 million elements (200x200x200). 
As results from the CFD analysis, Figure 10, permeability predictions from the TexGen 3D 
Wizard models are plotted together with the experimental data. The CFD predictions are also 
presented for manually modified TexGen models. The two versions of TexGen models were 
defined from the same set of basic parameters, but with some differences in local refinement. 
The permeability predictions were considered to be a good approximation, given that the large 
variability of fibre architecture gives rise to a large standard deviation in measured 
permeability. The two versions of the deterministic geometric models yielded predictions close 
to the upper or lower bound of measured permeability. This suggests that the real permeability 
can be captured by a minimum set of unit cell models with well-defined local variability. 
 
Figure 10. Numerical prediction of permeability based on TexGen geometric models for 3D 
woven fabric under different level compaction. 
4.2 Thermal expansion of sheared fabric laminate 
For three laminates with plies of non-sheared, 16° shear and 20° shear, unit cells were first 
generated by the TexGen 2D Wizard as single plies, shown in Figure 11 Upper. The 
importance of finite laminate thickness and random nesting was recognized in the test 
materials, hence ten plies of fabric were collated with randomness in both warp and weft 
directions, sampled by a Latin Hypercube method[5], shown in Figure 11 Lower. The 
periodicity was removed in the thickness direction for these unit cells, while maintaining the 
in-plane periodic boundaries. A sheared unit cell was automatically generated by TexGen, 
discretised into uniform parallelepiped shaped hexahedral elements. Periodic boundary 
conditions were formulated by applying translational symmetry derived from a generic 
form[6].  
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Figure 11. Unit cells representing single ply (upper) and 10-ply laminates (lower) with each 
ply of (a) non-shear, (b)16° shear and (c)20° shear. 
The finite element analysis was performed in ABAQUS with the converged mesh size 
(100x100x200 elements). The CTE predictions are listed together with the experimental data in 
Table 2. Both the experimental and numerical data of CTEs shows increasing anisotropy for 
increasing degrees of shear. A consistently good match within 5% error was found between the 
unit cell predictions and the experiments for the laminates with non-shear and 20° shear plies. 
In the case of the 16° shear laminate, the discrepancy is slightly higher at 12.9%. A plausible 
explanation of the difference could be due to error at the manufacturing stage. It was possible 
that 16° shear angle was not achieved due to fabric relaxation before consolidation. 
Consequently the measured CTE was lower than the expected value with a fixed shear angle of 
16°.    
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5. Conclusions 
Key geometric features have been identified for both 3D orthogonal and sheared 2D weave 
reinforcements. )RUWKHH[DPSOHRID'RUWKRJRQDOZHDYHUHLQIRUFHPHQWWKHJHRPHWU\RIWKH
FRPSRVLWHVZDVFKDUDFWHULVHGLQGHWDLOE\P-&7LPDJHDQDO\VLVDQGWKLVLQIRUPDWLRQZDVXVHG
WRDSSO\ UHILQHPHQWV WRDQ LGHDOL]HGPRGHO%DVLFSULQFLSOHVDQGDVVXPSWLRQVZHUHXVHG WR
UHILQHD'SODLQZHDYHJHRPHWU\WRVLPXODWHVKHDUGHIRUPDWLRQ,QERWKFDVHVWKHVHIHDWXUHV
ZHUHDXWRPDWHGLQ7H[*HQWRHQVXUHFRQVLVWHQF\DVZHOODVHDVHRIJHRPHWULFPRGHOOLQJ 
%DVHG RQ WKHVH PRGHOV &)' VLPXODWLRQV RI LPSUHJQDWLQJ IORZ DQG WKHUPR-PHFKDQLFDO
ILQLWHHOHPHQWDQDO\VLVZHUHFDUULHGRXW IRU WKHSUHGLFWLRQRI LQ-SODQHSHUPHDELOLW\RID'
RUWKRJRQDO IDEULFDQG WKH&7(SUHGLFWLRQIRUD'VKHDUHGSODLQZHDYH IDEULF UHVSHFWLYHO\
3HUPHDELOLW\ UHVXOWV IRU WKH'RUWKRJRQDO ZHDYH yielded predictions close to the upper or 
lower bound of measured permeability. $W KLJK OHYHOV RI FRPSDFWLRQ WKH DXWRPDWLFDOO\
D E F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JHQHUDWHGPRGHOPD\VKRZGHYLDWLRQVIURPWKHUHDOJHRPHWU\SDUWLFXODUO\DW WKHXSSHUDQG
ORZHU VXUIDFHV UHTXLULQJ VRPH PDQXDO PRGLILFDWLRQ A correlation was established and 
validated between the anisotropic CTE tensor and the measured CTE data from small 
laboratory coupons for a range of shear angles for 2D plain weave textiles.  
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